tions. The anion selectivity sequence for the channel was N03-> Cl-> HCO3-, and it was impermeable to gluconate ions, indicating that the channel diameter lies between 4.7 and 5.5 A. Current through the channel saturated at high chloride concentrations, and the relationship between channel current and chloride concentration could be approximated by the Michaelis-Menten equation. Analysis of the channel's anion permeability and its current vs. concentration relationship indicates that it can be described by the one-ion channel theory, with a relatively weak binding site inside the channel. Histograms of channel open and closed durations were constructed using the log binning technique and could be well fitted by triple exponential distributions, suggesting that the channel has at least three open and three closed states.
INTRODUCTION
Epithelial airway cells generate several ion fluxes which are important for mucociliary clearance and other physiological functions. Although there are regional and species differences, a general description of these ionic movements is now possible (Welsh, 1987) . The major driving force for ion movements is a sodium-potassium ATPase in the basolateral membrane, which produces low intracellular sodium concentration and a high intracellular potassium concentration. The internal chloride ion concentration is elevated by a passive Na+-K+-2Cl-cotransport system in the basolateral membrane, driven by the high interstitial sodium, and this high intracellular chloride concentration, together with the electrical gradient, favors passive chloride exit through the apical membrane via chloride ion channels.
Chloride channels of 20 and 40 pS conductance have been identified previously in airway epithelia by Frizzell et al. (1986, 1987) , whereas Shoemaker et al. (1986) have described four different kinds of chloride channels in airway epithelia with conductances of 10, 20, 40, and 250 pS at physiological chloride concentrations. The 40-pS chloride channel rectifies in symmetric chloride solutions, and its gating properties have been characterized in more detail (Welsh, 1986a and b; Schoumacher et al., 1987; Li et al., 1988) .
In a survey of normal human airway epithelial cells we have found the 20-pS chloride channel to be the most common ion channel of the apical membrane, occurring in 24% of successful patches (n = 495 patches). This paper describes some of the permeation properties and kinetic behavior of the channel.
MATERIALS AND METHODS

Cells
Epithelial tissues were obtained from the partially resected nasal turbinates of 26 normal human subjects. The tissues were treated with 0.1% protease and 0.1% DNase in calcium-free minimum essential medium (MEM) at 40C for 16-24 h. The enzymes were neutralized by adding 10% fetal bovine serum (FBS) to the mixture for 30 min, and then the cells were detached from the epithelial strips by gentle mechanical agitation. Free cells were filtered through a Nitex nylon mesh (60 ,um), centrifuged at 150 g for 10 min, pelleted, and then resuspended in 10% FBS in MEM. Trypan blue exclusion was used to test viability, which was normally >90%. The cells were washed once more and then plated at low density on Falcon Primaria plates at 370C in a culture medium containing MEM-F12 supplemented with insulin (I mg/ml), transferrin (7.5 mg/ml), hydrocortisone (1 mM), cholera toxin (10 ng/ml), T3 (0.1 nM), epidermal growth factor (2.5 mg/ml), endothelial cell growth substance (10 Am/ml), and antibiotics (gentamycin 50 Ag/ml, streptomycin 50 ,g/ml, and penicillin-G 50 ,g/ml) (Wu et al., 1985) . Experiments were performed on isolated cells, or those at the edges of confluent sheets. The temperature was kept at 37 ± I°C during all experiments by means of a thermostatically controlled stage. Experiments were performed with cells not more than 6 d old, usually between I and 4 d after plating.
Channel recording
Single channel currents were recorded from excised patches of apical membrane in the inside-out configuration using a model EPC-7 ampli-fier (Adams & List Associates, Ltd., Great Neck, NY) (Hamill et al., 1981) . Pipettes were fabricated from thick-walled microfilament borosilicate glass using a two-stage pipette puller (Narishige Scientific Laboratory, Tokyo, Japan), coated with Sylgard (Dow Corning Corp., Midland, MI) (Colquhoun and Sigworth, 1983; Eq. 17 (Sigworth and Sine, 1987) . Distributions were corrected for sampling promotion error using the probabilistic redistribution method of Korn and Horn (1988) . The distributions were fitted with probability density functions of the form: k f(t) = E ajl/r exp (-t/Tj),
where k is the number of exponential components, and aj and rj are the fitted amplitude and time constant parameters. The number of fitted parameters for a given value of k is 2k -1. The data were fitted using the maximum likelihood method (Colquhoun and Sigworth, 1983) , assuming that each event had a duration equal to the midpoint of its bin. The number of significant components k was determined using the Akaike likelihood ratio test (Korn and Horn, 1988) .
Solutions
The solutions used in the experiments contained 140 mM NaCl, 2 mM CaC12, 1 mM MgCI2, 5 mM Hepes, and the pH was adjusted to 7.2 with NaOH or KOH. In experiments with ion permeation, chloride ions were replaced by NO3-, HCO3-, or gluconate ions. In other experiments sodium ions were replaced by choline, Cs', or K+. To investigate the influence of chloride concentration on channel current, the chloride concentration in the bath solution was changed from 50 to 600 mM. The osmolarity of the low-chloride bath solution was adjusted by the addition of sucrose. The low-calcium solution contained 140 mM NaCl, I mM CaC12, 2 mM MgCl2, 10 mM Hepes, and 10 mM EGTA, and the pH was adjusted to 7.2 with NaOH. Estimation of the free calcium concentration in the low-calcium solution, taking into account ionic strength, pH, temperature, and magnesium concentration, gave a value of -I I nM (Stockbridge, 1987) .
Changes in the bath solution were accomplished by moving the pipette tip into a small chamber, separated from the main dish. A flow system with very small dead space allowed rapid exchange of solutions in this small volume.
Determination of reversal potentials
Reversal potentials were determined from current-voltage relationships plotted for different ions. Relative ion permeabilities were calculated from Eq. I assuming that two anions were present (Hille, 1984) :
where subscripts o and i denote outside and inside solutions, respectively, PA is the permeability of an anion, and R, T, and F are the gas constant, temperature, and Faraday constant, respectively.
THEORY Ion movement through channels
The movement of ions through channels in cell membranes may be described by models based on discrete or continuum theories. The discrete theory models a channel as a set of occupancy states separated by energy barriers (see e.g. Lauger, 1987) . Transitions between the states are characterized by first-order reaction equations. Solutions of this problem depend on the number of energy wells and barriers. The current is expressed as a function of rate constants for transitions between the states and the ionic concentrations on both sides of the channel. This theory has recently been reviewed by Cooper et al. (1988a and b) .
Continuum theory is based on the Nernst-Planck electrodiffusion equation, which can be written in the following form (Levitt, 1986) :
where (3) J is the ionic flux through the channel, z is the ion valency, S(x) is the area available for the ion as a function of position within the channel, D(x) is the ionic diffusion coefficient, C(x) is the ion concentration, +(x) is the applied external voltage, 4+(x) is the intrinsic electrochemical potential, v, 4,, and O are the dimensionless: total, external, and intrinsic potentials, respectively. The channel current is given by I = ezJ, where e is the electronic charge.
In the steady state, Eq. 3 can be integrated to yield:
where Data analysis
The procedures used for computer data analysis were based largely on those described by Colquhoun and Sigworth (1983) . The half-amplitude
The integration ranges from the bulk solution on side I to the bulk M(mo) = 42 = 0. Eq. 4 gives a general description of ionic movement through a channel, whereas the channel itself is characterized by the integral H. The constant field theory (Hille, 1984) assumes independent ion movement and cannot explain phenomena such as the saturation of ion fluxes with increasing concentration. This deviation can be explained by assuming that ions must bind to certain sites within the channel and that sites can only bind one ion at a time. In particular, the one-ion channel is defined as a channel which can contain only one ion at a time, but which can have many bindings sites (Hille, 1984) . The solution of the Nernst-Planck equation for this class of channels is given by Levitt (1986) :
where L is the channel length,
If C2 is constant, Eq. 5 can be transformed into the following form:
where A, IM, and K are functions of the applied voltage and channel parameters.
Eq. 6 has three parameters: I., A, and K. A is determined by the ion concentration and membrane potential, whereas I. and K are related in a unique manner to the size and energy profile of the channel and can be determined by fitting Eq. 6 to the experimental relationship between channel current and ionic activity. In a generalized constant field theory (Levitt, 1986) 
RESULTS
From a total of 495 successful patches, four types of chloride channels were identified. The 20-pS channel (15-35 pS range) was found most often (117 channels) but we also observed 40-pS rectifying chloride channels (four channels), large chloride channels with conductances of -300 pS (eight channels), and small chloride channels with conductances of -10 pS (21 channels). For all of these conductance measurements, the pipette and the bath contained 140 mM NaCl, 2 mM CaCl2, 1 mM MgCl2, and 5 mM Hepes (pH 7.2). The selectivity of the channels was tested by replacing sodium with choline in the bathing solution. Choline, which blocks sodium channels in human airway epithelia (Duszyk et al., 1989 ) had no effect on the currents measured through the present channels, indicating that they conduct chloride ions. 
20-pS Chloride Channel
The distribution of channel conductances in the range 15-35 pS in symmetric 146 mM chloride is shown in Fig.  3 . The distribution showed evidence of a bimodal structure and was fitted with a sum of two Gaussian functions of 20.5 + 3.1 pS and 31.9 ± 2.6 pS (mean + S.D.). However, all of the channels shown in Fig. 3 In summary, the anion selectivity order for the 20-pS channel was NO3-> CL-> HCO3-while it was not permeable to gluconate. The diffusion coefficients of Cland NO3-in water solution are 2.03 x 10-9 m2/s and 1.90 x 10-9 m2/s, respectively (Robinson and Stokes, 1965) . Therefore, the fact that the NO3-anion is more permeable than Cl-through the channel suggests that FIGURE 4 Current-voltage relationships for a 20-pS anion channel. The pipette contained 140 mM NaCl and the bath contained 140 mM sodium gluconate (squares), 140 mM NaHCO3 (triangles), 140 mM NaCl (circles), and 140 mM NaNO3 (diamonds). The remaining components in the pipette and the bath were 2 mM CaC12, 1 mM MgCl2, and 5 mM Hepes (pH 7.2). The data points show means and standard deviations from at least three different experiments in each case. Solid lines through the data points were drawn by eye except for the symmetric case, where linear regression was used. Negative currents were not observed with gluconate in the bath solution.
diffusion is not the main determinant of channel permeability, and that anions must interact with the channel itself rather than simply diffuse through a water-filled tube.
To test the effects of cations on channel permeability, we replaced the sodium ions in the bath with K+, Cs', or choline ions. These replacements gave no measurable effects on the channel current (data from five patches), indicating that cations are not involved in channel permeation.
Dependence of channel current on ionic concentration Current-voltage relationships for different chloride concentrations are shown in Fig. 5 . The pipette contained 140 mM NaCl, 2 mM CaCl2, 1 mM MgCl2, and 5 mM Hepes (pH 7.2), whereas the total concentration of chloride in the bath was varied from 50 to 600 mM by varying the amount of NaCl, and adjusting the osmolarity with sucrose. The figure presents mean values from three different experiments for each data point. Fig. 6 shows a plot of channel current at a potential of -50 mV, as a function of chloride activity. The channel current saturated at high chloride activities, and the data were well fitted by Eq. 6, with the best fit being obtained for Biophysical Journal Volume 57 February 1990 6 The relationship between channel current at -50 mV and chloride activity. The pipette contained 113.5 mM Cl-activity while the bath solution varied from 40 to 403.8 mM Cl-activity. These data points were obtained from Fig. 5 by linear interpolation between adjacent values. The solid line represents the best fit of Eq. 6 to the data and corresponds to the parameters 1m = 3.90 pA and K = 247.7 mM.
--3 pA FIGURE 5 Current-voltage relationships at different chloride concentrations. The pipette contained 140 mM NaCl, 2 mM CaC12, 1 mM MgCl2, and 5 mM Hepes (pH 7.2). The data show mean values from three different experiments. Standard deviations ranged from 0.09 to 0.28 pA but are omitted for clarity. Membrane potentials have been corrected for the junction potential at the reference electrode (see Materials and Methods). Values of the total chloride activity (millimolar) in the bath are indicated next to each data set. The cations in the bath were 2 mM Ca2,, 1 mM Mg2+, and the balance was Na+. The bath also contained 5 mM Hepes (pH 7.2).
parameters of Jm = 3.90 pA, and K = 247.7 mM (solid line). The fact that the data could be well approximated by Eq. 6 indicates that this channel can be described by the one-ion channel hypothesis.
Channel gating
The probability of the channel being open as a function of transmembrane potential is shown in Fig. 7 . The data present mean values and standard deviations from 16 recordings. Over the range of tested voltages (±60 mV), the probability of being open was almost constant at -0.27, indicating that channel activity is independent of voltage. To test the effect of calcium on channel activity, the bath solution was changed from one containing 2 mM Ca'+, to another solution containing 20 nM Ca". In six different experiments, there was no measurable effect on channel open probability.
Kinetic analysis of channel activity was performed on data obtained from patches where there was clearly only one channel present and where the noise level allowed a 5-kHz filter to be used (23 different between kinetic parameters and membrane potential, reflecting the lack of dependence of open probability on membrane potential.
DISCUSSION
The 20-pS chloride channel was seen in 24% of all successful patches on the apical membranes of airway epithelial cells, and was the most common channel seen in this membrane. This channel is probably identical to the 20-pS chloride channel reported previously in epithelial cells . The conductance of airway epithelia lies in the range 2-10 mS/cm2, with at least 60% of the current being carried by chloride ions. However, rates of ionic movement in cultured cells can be less than this by a factor of 10 (Welsh, 1987) . The range of chloride conductances anticipated for apical membranes of cultured cells is therefore 0.12-0.6 mS/cm2. Chloride conductance in the apical membranes of nasal epithelial cells has recently been estimated to be 0.7 mS/cm2 (Willumsen and Boucher, 1989) . The area of the membrane patches used in the present experiments was estimated from the tip resistance, assuming that the patch diameter lies between the pipette diameter and that of an U-shaped patch (Sakmann and Neher, 1983) , to be 1-5,um2. Because we found 20-pS channels in 24% of patches, the predicted apical membrane conductance due to 20-pS channels is 0.096-0.48 mS/cm2, suggesting that 20-pS channels could account for a large proportion of total chloride conductance in the apical membrane. Whole cell chloride currents have recently been measured in canine tracheal epithelial cells (Schoppa et al., 1989) . These recordings showed little evidence of rectification, suggesting that a majority of chloride ions flow through nonrectifying channels.
Anion selectivity
The selectivity of an ion channel is determined by interactions between the ion and the channel protein, and by the change in free energy associated with the movement of ions from the bath to the channel (dehydration energy). Dehydration energies for anions were reported by Wright and Diamond (1977) The size of the 20-pS channel can be deduced from the radii of the ions used. The size of the HC03-and gluconate ions can be estimated from three-dimensional space filling models (Stuart, 1934) which, taking into account atomic sizes and bond lengths, give -4.7 and 5.5
A. Because HCO3-ions are permeant through the channel whereas gluconate ions are not, the diameter of the channel may be estimated to lie between 4.7 and 5.5 A.
Ion binding in the channel Fig. 6 shows the channel current as a function of chloride activity. The solid line presents the best fit to Eq. 6. The fitted parameters Im and K contain four unknown parameters BO, Bw, D, and L, but values of some of these can be estimated from other measurements. The parameter Bo is equal to exp (k(x))/S(x), where S(x) is the area of the channel. Because the permeability experiments indicate that the channel diameter is 4.7-5.5 A, we can assume that the channel radius is 2.5 A, and that 0(x) = 0 at the end of the channel. The value of B. is then 5.03 x 1018 m-2. The value of the diffusion coefficient in channels has been estimated experimentally (Dani and Levitt, 1981) , and theoretically (Jakobsson and Chiu, 1987; Skerra and Brickmann, 1987; Chiu and Jakobsson, 1989 where AvE is the energy barrier inside the channel, and is therefore equal to 3.01 kT. This value of the energy barrier suggests that interactions between the ion and the binding site inside the channel are not strong. This conclusion agrees with the results of the permeability experiments which indicate that the ion-channel interaction energy is substantially less than the dehydration energy of the ion.
Control of channel gating
Kinetic analysis was performed by the log binning method of Sigworth and Sine (1987) , using the Akaike criterion for determination of the minimal number of exponential components k (Korn and Horn, 1988) . The distribution of both open times and closed times were usually best approximated by a sum of three components. This suggests that the channel protein has a minimum of three open and three closed states (Colquhoun and Sigworth, 1983) .
The kinetic parameters of the channel and the probability of it being open were both independent of membrane potential. In the excised patch situation, the open probability was also apparently independent of intracellular calcium concentration. The factors which control gating of the channel therefore remain unknown. Because the channel seems to make a major contribution to the total chloride permeability of the apical membrane, which in turn is crucially important for normal airway function, the discovery of these gating mechanisms is potentially very important.
